Abstract-In this years, many researches on the biodegradable behavior of Mg and its alloys has been done. Low corrosion resistance of the magnesium alloys has led to search a new generation of magnesium alloys for better strength, ductility, and high corrosion resistance. In this study, Mg-5Zn-1Y-1Ca alloy was fabricated by melting process and hot extrusion (at 300, 330 and 370 °C). The effect of temperature of extrusion on microstructure and degradation behavior of Mg-5Zn-1Y-1Ca alloy were investigated by optical microscopy, scanning electron microscopy with an energy dispersive X-ray spectroscopy, X-ray diffraction, immersion test and electrochemical test. The results showed that Mg-Zn-Y-Ca alloy was composed of α-Mg, Mg 3 YZn 6 phase and Ca 2 Mg 6 Zn 3 particles. Immersion and electrochemical tests showed that extruded Mg-5Zn-1Y-1Ca alloy at 330 °C exhibited the best degradation resistance from other alloys in this study.
I. INTRODUCTION
Magnesium, with a density of 1.74 g/cm 3 , is the lightest structural metals. Its low density encourages different industries such as automotive, aerospace, military, medical, etc. to use this metal in different applications [1] . Biocompatibility, biodegradability and elastic modulus close to natural bone have made magnesium as an appropriate candidate in the medical industry to be fabricated as the orthopedic implants. However, low corrosion resistance and mechanical properties of this metal persuades the researchers to utilize different techniques such as alloying, heat treatment, thermomechanical treatment and coating, to improve its properties [2] - [5] . Alloying elements, including Al, Zn, Mn, Ca, Y, Zr and Rare earth (RE) are the common elements that are usually used to improve the corrosion and mechanical properties of magnesium alloys [6] , [7] . However, in order to fabricate orthopedic implant the alloying elements must be carefully chosen to maintain the biocompatibility of magnesium. For instant Al as the main alloying element in magnesium, has been linked to Alzheimer's disease [8] . Ca [9] and Zn [10] are two basic elements in the human body that improve the mechanical strength of magnesium alloys. Ca as the main component of bone, has been reported to improve the corrosion resistance of magnesium alloys, and to accelerate bone formation [11] , [12] .
In addition to alloying, thermomechanical processes, such as extrusion, are simultaneously considered to improve magnesium properties. Xu et al. [13] studied the corrosion behavior of extruded Mg-Y alloys at two extrusion ratios with different percentages of Y. They found that the microstructure of as-cast alloy completely disappeared after extrusion and the grains refined. They also reported that no passive zone was detected in polarization curves, meaning when the alloy is immersed in a solution 3% NaCl the grain boundaries accelerated the corrosion process. They also reported that increasing extrusion ratio resulted in better corrosion resistance.
Similarly Zhang et al. [14] studied the effect of different amounts of Y on the corrosion behavior of the extruded magnesium alloy. They found that an increase in Y content, especially after the extrusion which refined the microstructure, decreased corrosion resistance of the alloy. Zeng et al. [15] investigated the microstructure and corrosion behavior of extruded Mg-Ca alloys with different percentages of Ca alloying element. They reported microstructure evolution of binary Mg-Ca alloys with the recrystallized fine grains and a considerable volume of dispersed Mg 2 Ca particles. It was shown that increasing Ca content refined the grain size which improved corrosion resistance. However, an increase in Mg 2 Ca volume fraction increases the corrosion rate due to the galvanic effect between Mg 2 Ca phase and α-Mg matrix. Sun et al. [16] studied the effect of extrusion temperature on the microstructure and mechanical properties of Mg-3.0Zn-0.2Ca-0.5Y alloy. The alloy was extruded at different temperatures and at a fixed extrusion rate and ratio. It was shown that increasing extrusion temperature recrystallized the elongated grains and their fraction was increased. Considering the reported literature, it can be found that no research can be found that investigates the effect of extrusion temperature on the corrosion behavior of magnesium alloys. Therefore, this study focuses on the effect of different temperatures of 300, 330 and 370 o C on biodegradation of Mg-5Zn-1Y-1Ca alloy.
II. EXPERIMENTAL PROCEDURE

A. Materials Preparation
To prepare Mg-5Zn-1Y-1Ca alloy, commercially pure ingots of magnesium, zinc, calcium and Mg-30%Y master alloy were used. First, magnesium ingots were charged into graphite crucible and melted using an induction furnace.
Then the calculated amounts of Ca and Zn ingots and Mg-30%Y master alloy were added to the molten magnesium having 740 °C at an interval of 5 min, while the molten alloy was heated and stirred by a quartz rod. After a few minutes, the prepared molten alloy was gravity cast into a simple cylindrical steel mold with a dimension of 30 mm × 130 mm that preheated to 100 °C. All stages of melting, alloying and casting were done under a shielding gas of Ar. Inductively coupled plasma-optical emission spectrometry (ICP-OES) was used to determine the chemical composition of the fabricated alloy. In order to change the dendritic structure and to provide a homogenous and uniform structure, the cast samples were heat treated at 385 o C for 18 hours. The homogenized samples with a dimension of 30 mm × 30 mm were heated to 300, 330 and 370 °C temperature and kept for 1 hour prior to extrusion. The extrusion processes was performed using a 100-ton press while the extrusion ram speed was set to 1mm/s and the extrusion ratio was 1:6. Then the products were cooling to room temperature on the air.
B. Microstructural Characterization
Specimens were cut from the as-cast and extruded samples for the microstructure characterization. The specimens were ground with SiC papers up to a final 2500 grit, then polished using diamond paste followed by etching using the Nital etchant for 20 s. An optical microscope (OM, Aristomet), an scanning electron microscope (SEM, MIRA3 Tescan) equipped with an energy dispersive X-ray spectroscopy (EDS) device, and an X-ray diffraction (XRD, JEDL, JDX-8030) technique were utilized to observe and characterize the microstructure of the extruded samples. The average grain size of the samples was determined using the linear intercept procedure according to the standard ASTM E112-96.
C. Corrosion Behavior
To evaluate the degradation properties of the as-cast and extruded samples in simulated body fluid (SBF), electrochemical polarization and immersion tests were performed. The SBF was prepared by dissolving the high purity grade of chemical materials and with the order given in Table I . The chemicals were dissolved in 700 ml of double distilled water at 36.5 °C under constant stirring followed by adjusting the pH to 7.4 using a pH meter (SANA SL-901) and making the fluid up to 1 L.
A potentiostat/galvanostat apparatus (BHP 2064) connected to a PC with a scan rate of 1 mV/s started from -2.5 to -1 V was used for the experiment. A standard cell consisting of three electrodes of the working electrode (a specimen sized 1cm 2 cut parallel to the extrusion direction and ground with SiC papers up to a final 2500 grit), saturated calomel electrode (SCE), counter electrode (platinum electrode), containing 50 ml SBF with pH of 7.40 at 37 °C was used to do the experiment. Excel software was used to process the recordings. The data was saved as curve and excel files. Using corrosion current density (i Corr , A/cm 2 ) extracted from polarization curves, corrosion rate (P i , mpy) was calculated by Eq. (1).
Immersion test was conducted according to the ASTM-G31-72. Specimens, measuring 10 mm diameter and 10 mm length, from the as-cast and extruded alloy were cut and ground up to 2500 grit by SIC papers; then were cleaned, washed with distilled water, rinsed, dried using blowing hot air, and weighted. Afterward, they were immersed into a beaker containing 200 ml SBF for 165 h. In an interval of 24 h, the specimens were removed from SBF and were immersed in 18 gr/L chromic solution for 2 minutes to remove the corrosion products. After rinsing and drying, the specimens were reweighted to measure the weight loss. Corrosion rate (mpy) obtained from the immersion test was calculated using Eq. (2). 
In this equation, W is the weight loss in gr, D is density of alloy in gr/cm 3 , A is surface area in cm 2 and T is immersion time in h.
The electrochemical polarization and immersion tests were repeated for three and two times, respectively to obtain reliable results.
III. RESULTS AND DISCUSSION
A. Chemical Composition of the Cast Alloy
The chemical composition of the cast alloy is given in Table II . It can be seen that the chemical composition approves the nominal composition of the alloy, confirming the appropriate fabrication process. Fig. 1 shows OM as well as SEM images of the as-cast Mg-5Zn-1Y-1Ca alloy. As can be seen from Fig. 1(a) , the microstructure of this alloy consists of continuous precipitations and dendritic structure within the grains. This is due to the non-equilibrium solidification of the alloy occurred during cooling to room temperature. Fig. 1(b) shows the SEM microstructure of the as-cast alloy. It displays a structure with lots of precipitates throughout of the alloy. SEM image of the as cast Mg-5Zn-1Y-1Ca alloy. Fig. 1(b) .
B. The Microstructure of the as-Cast and Extruded Alloy
Fig. 2. EDS analysis of two points (a) A and (b) B specified in
According to EDS analysis of the areas pointed with the letter A and B (Fig. 2) , the alloy consists of two different intermetallic phases namely Mg3Zn6Y (I-phase) and Ca 2 Mg 6 Zn 3 phase, respectively. According to reported results, weight ratio of Zn/Y and atomic ratio of Zn/Ca are very important in the formation of intermetallic phases in magnesium alloys [18] . If the weight ratio of Zn/Y is higher than 4.38, I-phase is precipitated [19] .
On the other hand, if the atomic ratio of Zn/Ca is higher than 1.23, then Ca 2 Mg 6 Zn 3 phase is formed; and if the ratio is less than this value, in addition to the formation of Ca 2 Mg 6 Zn 3 , the extra calcium will precipitate as Mg 2 Ca phase [18] . According to the results of ICP analysis, weight ratio of Zn/Y is 5.10 and atomic ratio of Zn/Ca is 2.69, which confirm the formation of I and Ca 2 Mg 6 Zn 3 phases in the microstructure that is quite similar to the result of XRD shown in Fig. 3 . Fig. 3 . The result of XRD analysis for the cast alloy. Fig. 4 shows the OM image of the extruded alloys at different temperatures. Elongated pattern can be seen for the precipitates and intermetallic phases in all samples. It is believed that the extrusion force does not have the ability to break the precipitates during extrusion.
In addition, since the size of precipitates is higher than 1μm, the interface of precipitates and matrix can be the local area for nucleation of dynamic recrystallized (DRXed) grains. In other words, dislocations are piled-up at the interface of precipitates and matrix and are rearranged at this location, leading to the formation of one DRX nuclei. This phenomenon is called particle stimulated nucleation (PSN). It is worth noting that the recrystallization behavior for a microstructure having high density of dislocations is not similar at different temperatures.
DRX grains between the precipitates is finer and their number is higher in the sample extruded at 300 °C (Fig.  4(a) ) than those extruded at 370 and 330 °C (Fig. 4(b & c) , respectively). In contrast, a decreased in the number of DRXed grains and a better continuity can be seen in the sample extruded at 330 °C (Fig. 4(b) ), while the DRXed grains are bigger in the sample extruded at 370 °C (Fig.  4(c) ). Fig. 5 shows SEM images of the extruded samples. Looking at the SEM images, it can be observed that the Iphase (shown by letter A) have been broken along the extrusion direction while the Ca 2 Mg 6 Zn 3 phase (shown by letter B) just elongated along it. Fig. 6 and Table III provides the polarization curves of as-cast and extruded alloys and electrochemical parameters extracted from the curves, respectively. Taking the results given in Table III into account, it can be seen that the corrosion potential of the samples are within a similar range. Therefore, in order to evaluate the degradation behavior, corrosion current density of the samples should be considered. There have been several studies which have investigated the effect of grain boundary on corrosion of magnesium alloys. Aung et al. [20] reported that grain boundary plays a role of physical barrier to inhibit corrosion of magnesium alloys. Modification of grain size causes creating more grain boundaries. As a result, corrosion rate of the fine-grained microstructures is less than the coarse-grained one. However, there are some researchers disagree with this idea as they believe that grain boundary is a crystal defect. For an instant, Song and Xu [21] reported that grain boundary is usually corroded at first; therefore, accelerates the corrosion rate, which is disagreement with Aung et al. [20] results. Xu et al. [13] believe that the effect of grain boundary on corrosion should be determined in the natural system.
C. Biodegradation Behavior of as-Cast and Extruded Alloys
When active corrosion is determined, refined grain size increases corrosion rate. As a result, when an alloy tends to be passivated, grain boundary aides the passivation process, therefore, refined grains which provide more boundary reduces corrosion rate of the alloy.
In the present study, the alloy, either in as-cast or extruded form did not show any passive mode when immersed in SBF. In other words, they exhibited active polarization behavior when they exposed to SBF. Thus although grain boundary obstructs the movement of dislocations, the dislocations are attacked by corrosion phenomenon and are not able to prevent it. As a result, it can be claimed that the higher the grain boundary, dislocation and twinning, the more the corrosion rate of magnesium alloys.
Extruded alloy at 330 °C behaved higher corrosion resistance compared to those extruded at other temperatures. This can be attributed to the microstructure of the extruded alloys which contains small number of DRXed grains and as a result have lower grain boundaries. In contrast, the alloy which was extruded at 300 and 370 °C experienced higher corrosion rates due to higher number of DRXed grains. On the other hand, secondary phase Ca 2 Mg 6 Zn 3 is elongated along the extrusion direction without considerable being broken. So the amount of effective cathode is decreased and corrosion resistance is improved. Similar behavior has been reported by Tong et al. [22] . Fig . 7 shows weight loss graph of the as-cast and extruded alloy at different temperatures after immersing for 165 h in SBF. It can be seen that extrusion process at all temperatures improved the corrosion resistance of the as-cast alloy. This is due to elongated Ca 2 Mg 6 Zn 3 phase along the extrusion direction which decreased the volume of effective cathode leading to reduced corrosion rates. In addition, as the graph indicates, among the samples extruded at different temperatures, the one extruded at 330 °C experienced the lowest weight loss which is in good agreement with the results of polarization test.
IV. CONCLUSION
The aim of this study was to investigate the effect of extrusion temperature on biodegradation properties of Mg5Zn-1Y-1Ca alloy. The following results can be drawn:
1. The microstructure of the as-cast Mg-5Zn-1Y-1Ca alloy consists of α-Mg matrix and continuous secondary phases of Ca 2 Mg 6 Zn 3 at grain boundaries and Mg 3 YZn 6 with lamellar morphology located mostly at grain boundaries.
2. No passive behavior, but active polarization was observed in the as-cast and extruded alloys in SBF.
3. Extrusion process is able to reduce biodegradation rate of magnesium cast alloys in SBF. Extrusion at 330 °C produced a microstructure having lower number of DRXed grains with higher degradation resistance of Mg-5Zn-1Y-1Ca alloy. 
